Clostridioides difficile causes healthcare-related diarrhoea in high-income countries. Highly resistant spores persist in healthcare facilities, primarily infecting patients who have recently received antimicrobials. C. difficile infection (CDI) has been studied in detail in North America and Europe; however, the epidemiology of CDI elsewhere, including the Asia-Pacific region, is largely unknown. A survey of CDI was performed in 13 Asia-Pacific countries. Epidemiological data on 600 cases were collected and molecular typing undertaken on 414 C. difficile isolates. Healthcare facilityassociated CDI comprised 53.6% of cases, while community-associated CDI was 16.5%. The median age of cases was 63.0 years and 45.3% were female, 77.5% had used antibiotics in the previous 8 weeks, most frequently thirdgeneration cephalosporins (31.7%), and 47.3% had used proton pump inhibitors. Recurrence (9.1%) and mortality (5.2%) rates were low, while complications including colitis or pseudomembranous colitis (13.8%), colectomy (0.4%), and toxic megacolon (0.2%) were uncommon. Common C. difficile strains were ribotypes 017 (16.7%), 014/020 (11.1%) and 018 (9.9%), with wide variation between countries. Binary toxin-positive strains of C. difficile were detected rarely. Overall, disease severity appeared mild, and mortality and recurrence were low. Continued education about, and surveillance of, CDI in Asia are required to reduce the burden of disease.
Introduction
Clostridioides (also called Clostridium) difficile [1] is a major cause of healthcare-related infection in highincome countries [2] . C. difficile infection (CDI) can manifest in a wide range of symptoms from mild diarrhoea to life-threatening pseudomembranous colitis (PMC) and toxic megacolon. The disease is mediated by the production of toxins with most strains of C. difficile producing two toxins, toxins A (TcdA/enterotoxin) and B (TcdB/cytotoxin) [3] . Some C. difficile strains cause disease while producing only one toxin, toxin B [4] , while a small but increasing proportion of strains produce a third toxin (binary toxin, CDT), the importance of which is still unclear [5] . The primary risk factors for CDI have been antimicrobial exposure, hospital admission, and advanced age. Major epidemics of CDI have been recorded in Europe and North America over recent decades following the emergence of a fluoroquinolone-resistant, binary toxin-producing (CDT+) strain of C. difficile (ribotype/RT 027, multilocus sequence type [MLST] ST 1) [3] . Thus, most epidemiological studies on CDI to date have been reported from these regions, with a minority of reports from Latin and South America, and Africa.
Limited knowledge exists of the epidemiology of CDI in Asia-Pacific countries, due to a general lack of awareness among physicians and inappropriate testing in some places [6] . Given recent economic growth in many Asian countries, with ageing populations, increased access to healthcare and widespread inappropriate use of antimicrobials [7] , C. difficile is likely to be a significant cause of disease in the region. International epidemics of CDI have highlighted the need for monitoring the spread of C. difficile. While the highly publicized outbreaks in North America and Europe were caused by a clonal strain of RT 027 C. difficile originating in North America [8] , significant outbreaks of RT 017 (ST 37) C. difficile [9] [10] [11] , the most common strain in Asia, demonstrated the potential for international spread of C. difficile strains to and from the region. Interestingly, C. difficile RT 027 has rarely been reported from Asia [6, 12] .
The C. difficile population structure consists of the phylogenetic clades 1 through 5 and clades C-I, C-II, and C-III [13, 14] . Clades 1-5 appear to associate with particular geographical regions of the world (e.g. clade 2 with North America). Clade 4 is dominated by largely non-toxigenic strains, except for RT 017 which only produces toxin B (A−B+) [13] . C. difficile RT 017 has been the predominant strain identified in most Asian studies to date, particularly in Northern Asia and China [4, 6] . Recent studies in Malaysia [15] , Indonesia [16] , and Thailand [17] have shown a high prevalence of RT 017 together with many non-toxigenic strains in Southeast Asia, supporting the importance of Clade 4 strains in the region. Another A−B+ strain, RT 369, has also been reported in significant numbers from Japan [18, 19] . Binary toxin-producing strains of C. difficile in general have been recorded rarely in Asia, further suggesting a regional predominance of clade 4 strains [6] .
Laboratory testing for CDI has been infrequent in some Asian countries. In the past, many Asian studies reported using enzyme immunoassay (EIA) tests for TcdA to detect C. difficile. The abundance of A−B+ strains in the region meant that much of the testing that was undertaken in Asia was inappropriate and most likely led to under-diagnosis of CDI, and a misconception that C. difficile was perhaps an insignificant cause of diarrhoea in the region [20] . Studies from Singapore have illustrated how an apparent increase in the incidence of CDI (ranging from 1.49 cases per 10,000 patient days [PD] in 2001 to 10.7/10,000 PD in 2012) was partly attributable to increased awareness, increased testing and the introduction of more sensitive diagnostic methods such as polymerase chain reaction (PCR) for tcdB [21, 22] .
We conducted a multi-country, prospective observational study to characterize patients with CDI across the Asia-Pacific region as well as recording treatment and management of the disease. We also aimed to describe the molecular epidemiology of C. difficile strains isolated in the Asia-Pacific region.
Materials and methods

Study setting
The descriptive study was conducted at 40 hospital sites across 13 countries: Australia, China, Hong Kong, India, Indonesia, Japan, Malaysia, the Philippines, Singapore, South Korea, Taiwan, Thailand, and Vietnam. Cases were recruited from March 2014 to January 2015 with a target of 100 cases per country.
Data collection
A CDI case was defined as a patient with at least three episodes of diarrhoea (unformed stool assuming its container's shape) within a 24 h period, with detection of free toxin in the stool by EIA or cell culture cytotoxicity assay (CCCA), detection of toxigenic C. difficile by direct real-time-PCR (RT-PCR) for tcdB or toxigenic culture, or colonoscopic findings of PMC [23] . Patients with diarrhoea caused by bacteria other than C. difficile were excluded. Cases were identified according to the above criteria, then invited to participate in the study, and then they or their legal guardian provided informed consent for inclusion. Clinical laboratory data and information on testing methodology, patient demographics, medical history, medications, and disease characteristics and outcomes were collected by medical record review and a follow-up phone call or record review 2 months after treatment. Approval to perform the study was granted by the relevant Human Research Ethics Committee at each participating site.
Healthcare-associated cases (HA-CDI) were defined as CDI occurring >48 h after admission or within 4 weeks of discharge. Community-associated cases (CA-CDI) occurred in the community or within the first 48 h of hospital admission, with no history of hospital admission within the past 12 weeks. Cases were defined as "indeterminate" where hospitalization had occurred in the previous 4-12 weeks. Recurrent CDI was defined as a CDI episode occurring within 8 weeks of a previous, resolved episode [23] . Severe disease was defined by a white cell count (WCC) ≥15,000 cells/µL or peak serum creatinine level 1.5 times greater than the premorbid level or, if not recorded, 1.5 times greater than the normal range. Complicated severe disease was defined as hypotension, shock, ileus, or megacolon [23] .
C. difficile culture and molecular analysis
Following recruitment to the study, stool samples were collected for cases and transported on swabs in Cary Blair medium at ambient temperature to a central processing laboratory (LSI Medience, Tokyo, Japan), or local reference laboratories in Australia and China (PathWest Laboratory Medicine WA, Perth, Australia; Chinese Center for Disease Control and Disease Prevention, Beijing, China). National restrictions prevented samples from India from being transported to a processing laboratory for the study. Samples were tested for free toxin by EIA (C. diff Chek Complete, TechLab, Inc., Blacksburg, VA) and cultured directly on ChromID™ C. difficile agar (bioMérieux, France) and incubated anaerobically at 35°C for 48 h. Samples were also enriched in cycloserine-cefoxitin fructose broth supplemented with 0.1% sodium taurocholate and incubated for 7 days, followed by subculture on ChromID™ C. difficile agar. Putative C. difficile colonies were confirmed by Rapid ID 32A (bioMérieux, Marcy-l'Etoile, France) or morphology, odour, and chartreuse fluorescence on blood agar.
DNA was extracted from pure cultures on blood agar plates, and PCR ribotyping [24] and detection of the toxin genes tcdA, tcdB, cdtA, and cdtB [25, 26] were performed. PCR ribotyping products were resolved on the QIAxcel capillary electrophoresis platform (QIAGEN, Venlo, Limburg, Netherlands). The resulting band profiles were compared with a reference collection by cluster analysis using BioNumerics™ v.7.6 (Applied Maths, Sint-Martens-Latem, Belgium).
Data analysis
Data were recorded in a centrally monitored online data capture form. All descriptive and statistical analyses were performed using SPSS v22.0 (IBM Corp., Armonk, NY, USA). Cases <2-year-old, and cases where an A−B− isolate or no isolate was recovered, were excluded from risk factor analyses. Univariate odds ratios (ORs) were calculated for factors that could be associated with outcomes of severe or recurrent CDI. Including variables with univariate OR with p < .2, multivariable analyses were performed by logistic regression using a generalized linear mixed model accounting for country and site as random effects, given that patient characteristics were likely to vary between sites and countries.
Results
Patient demographics
In total, 600 patients were recruited to the study across Australia, China, Hong Kong, India, Indonesia, Japan, Malaysia, the Philippines, Singapore, South Korea, Taiwan, Thailand, and Vietnam ( Table 1 ). The target of 100 patients per country was not reached because of late commencement of recruitment in some regions due to delays in receiving local ethical approvals to conduct the study. Patients ranged in age from <1 to 105 years, with a median of 63.0 years (interquartile range [IQR] 45.0-75.0). Females accounted for 45.3% of participants overall ( Table 2) .
Testing methods
RT-PCR was the most common diagnostic method (41.2%), most frequently used in Australia (100.0%), Taiwan (80.8%), Hong Kong (77.8%), and Singapore (74.2%). Toxin EIA (31.2% overall) was used most frequently in Vietnam (100.0%), India (100.0%), Indonesia (85.7%), the Philippines (66.7%), and Japan (62.5%). Toxigenic culture (26.0% overall) was most frequent in South Korea (89.9%) and China (60.9%).
The remaining cases (1.7%) were detected by CCCA or colonoscopy.
Disease characteristics
The characteristics of CDI patients in the study are described in Table 2 . The majority of cases were HA-CDI (53.6%), while 16.5% were CA-CDI, 22.0% were indeterminate, while the remaining 7.9% could not be classified due to missing data. Recurrent CDI was identified in 36 cases (6.0%). The median length of hospital stay was 22.0 days (IQR 10.0-43.0). Abdominal pain was experienced in 31.8% of participants, while blood was reported in the stool of 15.5%. Markers of severe CDI were recorded in 191 cases (31.8%), most frequently indicated by elevated WCC (26.8%), then elevated serum creatinine level (22.6%). Complicated severe infection was identified in nine cases (1.7%) ( Table 2 ).
Medical history
The most common comorbidities were diabetes mellitus (25.7%), solid tumour (24.2%), and renal disease (23.8%). Over the previous month, nasogastric feeding had occurred in 107 cases (17.8%), while 36 (6.0%) underwent abdominal surgery. In the previous 8 weeks, 284 cases (47.3%) used proton pump inhibitors (PPIs), 196 (32.7%) steroids, 102 (17.0%) H 2 receptor agonists, 116 (19.3%) non-steroidal anti-inflammatory drugs (NSAIDs), 115 (19.2%) probiotics, and 55 (9.2%) an immune modulator. Chemotherapy was administered to 91 cases (15.2%), while antibiotic use was recorded in 465 (77.5%), most commonly thirdgeneration cephalosporins (31.7%), fluoroquinolones (24.2%), carbapenems (20.0%), piperacillin/tazobactam (19.8%), or amoxicillin/clavulanate (17.2%) ( Table 2) .
Outcomes of CDI
Disease resulted in colectomy in two cases (0.4%), while toxic megacolon was recorded in one (0.2%). (Table 3 ). Only QX 239 (5.04, p < .01) was significantly associated with an outcome of recurrence by multivariable analysis (Table 4) .
Treatment
Patients were most frequently treated with metronidazole (94.0%), followed by vancomycin (33.6%); some patients were treated with a combination of both, most frequently in severe cases (18.0% overall, Table 2 ). A minority of patients were treated with probiotics (0.7%), while three patients (two in Singapore, one in China) underwent faecal microbiota transplant (FMT) (0.5%).
Culture and molecular epidemiology
A total of 414 isolates were recovered by culture. Among 79 RTs, the most common were RTs 017 (16.4%), 018/QX 239 (13.5%; 9.9% and 3.6%, respectively), 014/020 (10.9%), and 002 (9.2%), while 46 RTs were represented by singleton strains (Figure 1) . A−B+ strains (26.8%) were mostly RTs 017 and 369 (4.1%), 22 isolates (5.3%) were A−B−. CDT+ strains of C. difficile were rare in the isolate collection with a total of only 22 isolates (5.3%; Figure 1 ). C. difficile QX 337 was isolated in Japan and Taiwan (one isolate each), and South Korea (two isolates), and QX 449 from South Korea (one isolate) and Thailand (two isolates). C. difficile RT 027 was only identified in the Philippines (two isolates from the same hospital) and China (one isolate). RT 127 was isolated once from Taiwan, while RT 078 was isolated once from Taiwan and once from South Korea; QX 404 was isolated twice from the same hospital in Taiwan. Other singleton CDT+ strains were isolated from Australia (QX 273 and QX 408), Japan (QX 033), South Korea (QX 052 and QX 480), and Taiwan (QX 587 and QX 055).
Discussion
This is a large multi-national report on the descriptive epidemiology of CDI in Asia-Pacific countries. CDI cases in this study exhibited characteristics typical of CDI cases in other regions including advanced age, recent antimicrobial use, treatment with metronidazole and/or vancomycin, and a predominance of HA-CDI among cases. It appears that while the reported prevalence of C. difficile in some Asia-Pacific countries is high [16, 17, 27] , milder outcomes are associated with CDI in the region. In our study, toxic megacolon and colectomy were extremely rare (0.2% and 0.4%, respectively), while all-cause death occurred within 60 days in only 5.2% of cases, compared to 9.3% within 30 days in HA-CDI cases in the USA [28] and 22% within 90 days in a similar European study [29] . Recurrent infection occurred in 9.1% of cases, again less frequently than reported in Europe (16%) [29] and the USA (21%) [28] .
The molecular epidemiology of strains isolated in this study was diverse and varied across the region (Figure 1 ). It also differed markedly to other regions where C. difficile is well-characterized, such as North America where RTs 027, 014/020, 002, 106, and 001 have predominated [28, 30, 31] and Europe, where RTs 027, 014, 001, and 078 have been isolated frequently [32] . Less is known of the molecular epidemiology of C. difficile in South America, but RTs 027, 106, 012, 046, and 014/020 are reportedly the most common strains [31, 33, 34] . Similar to the current study, RT 017 (followed by RT 001) has also been found at high prevalence in South Africa [35] , and in Ghana, Malawi, and Tanzania the few studies which performed molecular typing have shown a high prevalence of non-toxigenic strains [36, 37] , similar to reports from Southeast Asian countries [15] .
C. difficile RT 017 was the most common strain of C. difficile identified across the entire Asia-Pacific collection of isolates, and the most common A−B+ strain reported to date. Another A−B+ strain, RT 369, localized to northern Asia, particularly Japan (Figure 1) . Coupled with many previous reports of RT 017 [6, 17, 38] and recent reports of RT 369 [18, 19] in Asian countries, it appears that A−B+ strains are endemic to the region and a recent review of RT 017 concluded that the global spread of this MLST Clade 4 lineage member is a relatively recent event [4] . However, these findings contradict an earlier study of Cairns et al. [39] who used phylogeographic analyses to suggest a North American origin for RT 017.
C. difficile RT 018 also appears to be endemic to northern Asian countries (Figure 1) , having predominated in South Korea since 2009 [6] , and in Japan since the earliest typing studies, where it was referred to as "smz" [6, 18] . A few RT 018 isolates were Figure 1 . RT frequencies by country/region; 414 isolates were included. n: number of isolates. *RT 018 and QX 239 differed by one band. QX 239 corresponds to smz' (H Kato, personal communication) and was only isolated in Japan, RT 018 was not isolated in Japan. Since recruitment numbers were low for South-East Asian countries and China and Hong Kong, data were pooled for these regions. ♦No isolates were collected for India. 1 QX 020 (A+B+CDT−); RT 027, QX 449 (A+B+CDT+). 2 identified in Australia, where the molecular epidemiology differed in general from Asian countries. Strain QX 239, which was only isolated in Japan across three hospitals, differed in banding pattern from RT 018 by a single band and corresponds to smz' (H Kato, personal communication), a strain which is closely related to RT 018 [18] . C. difficile QX 239 was significantly associated with disease recurrence (Table 4 ), which may have been due to enhanced antimicrobial resistance; however, susceptibility testing was not performed as part of this study. Greater antimicrobial resistance has been reported in RT 018 in Italy [40] and in a close relative, RT 356 [32] , in Europe.
To date, reports of RT 027 in Asian countries have been infrequent [12] . The epidemic lineages of C. difficile RT 027 that caused large outbreaks after spreading from North America to Europe were fluoroquinolone-resistant, but RT 027 strains isolated in Asia have largely been fluoroquinolone-susceptible, caused sporadic disease only and may lack some other characteristics which enhanced the virulence of the epidemic RT 027 strain [8] . The rarity of RT 027 and CDT+ isolates in general in Asia suggests that cases may be imported sporadically from other regions of the world. We also found several non-toxigenic strains (A−B−; 5.5%). These could have been false positives in diagnostic tests, or else were carried simultaneously with a toxigenic strain, then randomly selected during subculture of isolates. Due to uncertainty about whether they were carried with a toxigenic strain, cases, where they were isolated, were excluded from the logistic regression analyses. The prevalence of colonization with non-toxigenic strains in Asian countries appears to be high among hospital inpatients (10.4-28.6%) [15] [16] [17] 27, 41] . This is interesting given that clinical trials have found that administration of non-toxigenic strains reduces risk of recurrent infection in CDI cases [42] , making it plausible that the high prevalence of colonization with non-toxigenic strains in Asia-Pacific countries may explain the low rate of recurrent CDI found in this study. In the present study, an outcome of recurrence did not occur in any case where a non-toxigenic strain was identified; however, as discussed above, it cannot be ascertained whether these were false positives or carried simultaneously with toxigenic strains. Elsewhere in the world, reports on nontoxigenic strains are rare, which may mean they are not as common in other regions, e.g. the prevalence of non-toxigenic strains was 2% in Australia [43] ; however, this is more likely to be a result of publication bias towards toxigenic strains. Nonetheless, the high prevalence of non-toxigenic strains and A−B+ RTs 017 and 369 in Asia adds weight to the notion that Clade 4 strains are associated with the continent.
The molecular epidemiology of C. difficile strains identified in this study may contribute to the apparent milder outcomes of CDI in the region. A predominance of more virulent strains may be associated with more severe disease outcomes in North American and European countries, e.g. the prevalent RTs 027 and 078 [29, 30] . In Europe, RTs 056 and 018 have caused severe or complicated infection [29, 40, 44] . In our analyses, no specific RT was associated with severe CDI (Table 3) , nor with outcomes of complicated infection or death (data not shown).
A major limitation of this study is the fact that we were unable to calculate the incidence of CDI for participating sites and countries. In addition, some sites commenced recruitment several months later than others, due to delays in receiving approvals to conduct the study, resulting in poorer recruitment numbers in those countries, that included India, the Philippines, Indonesia, and Malaysia, resulting in incomplete coverage of the Asia-Pacific region which may confound some of our findings. A hierarchical structure was applied to our logistic regression models to account for variations between countries and sites to reduce risk of any confounding the skewed recruitment numbers may have caused. Since the diagnostic method used across countries varied, this could have introduced bias towards some patients who were colonized with C. difficile being recruited to the study. However, the case definition required ≥3 episodes of diarrhoea in 24 h, an unformed stool sample to be tested, and patients with laboratory findings of other bacterial diarrhoeal pathogens to be excluded from the study to minimize such a bias. Toxin A/B was detected in only 78% of cases, however (Table 2) , which suggests that 22% may have been colonized rather than infected with C. difficile.
Another limitation was that cases with more severe outcomes may have been missed due to the requirement for informed consent in the study, as patients who were considered too ill to consent would not have been approached, and their guardians may have declined to consent to their recruitment. Otherwise, other population-specific factors may play a role in milder CDI outcomes and low recurrence rates, including diverse gut microbiota, coinfection with other agents which could be more common in the region, or region-specific differences in comorbidities or their management. Several (9) paediatric cases were recruited to the study in some countries; however, these were excluded from risk factor analyses. Another minor limitation is that the proportion of cases with pseudomembranous colitis could not be delineated from cases with colitis alone.
Notwithstanding these limitations, this study has many strengths. Prior to this investigation, few multicountry studies on CDI in the Asia-Pacific region existed. Multiple sites were included in most countries in the present study, giving a varied patient population for study. As a result, a large sample size was achieved, and standardized contemporaneous data collection and centralized data management across all countries involved ensured high-quality data were obtained. The study showed that it is vital to perform appropriate, consistent testing to identify patients with CDI in the region. CDI patients in Asia-Pacific countries exhibited typical characteristics of CDI as seen elsewhere; however, outcomes appeared to be less severe in Asia-Pacific countries. The molecular types of C. difficile causing disease in the region also differed markedly to North America and Europe. The A−B+ RTs of C. difficile 017 and 369 appear to be endemic to the region, and the previously demonstrated ability of RT 017 to acquire antimicrobial resistance and readily spread around the world [4] should be a cause for concern. Further investigations are required to determine the possible reasons for, and implications of, these findings, and continued surveillance will allow elucidation of international movement of strains, and identification of emerging types.
